Catabolic ornithine transcarbamylase (cOTC; EC 2.1.3.3) catalyzes the formation of ornithine (ORN) and carbamoyl phosphate (CP) from citrulline, which constitutes the second step of the degradation of the amino acid arginine via the arginine deiminase pathway. Here, we report the crystal structure of cOTC from the lactic acid bacteria Lactobacillus hilgardii (Lh-cOTC) refined to 2.1 Å resolution. The structure reveals that LhcOTC forms a hexameric assembly, which was also confirmed by gel-filtration chromatography and analytical ultracentrifugation. The homohexamer, with 32 point group symmetry, represents a new oligomeric state within the members of the OTC family which are typically homotrimeric or homododecameric. The C-terminal end from each subunit comprises a key structural element for the stabilization of the hexameric assembly in solution. Additionally, the structure also reveals for the first time in the OTC family a metal binding site located at the three-fold molecular symmetry axis of each trimer. The bound metal has been identified as a nickel ion which is octahedrically coordinated to local symmetry-related histidine side chains and to three ordered water molecules.
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Catabolic ornithine transcarbamylases (cOTC; EC 2.1.3.3) participate in the degradation of the amino acid arginine via the deiminase pathway by catalyzing the formation of ornithine (ORN) and carbamoylphosphate (CP) from citrulline. Although thermodynamically unfavored (1) , this chemical reaction is exploited by a number of microorganisms which degrade arginine because of the coupling with carbamate kinase (CK), which catalyzes the next downstream step in the catabolic deiminase pathway and, in the case of cOTC from P. aeruginosa, because of its low affinity towards CP and its strong cooperativity for this substrate (2) (3) (4) (5) (6) . Regulation of the enzymatic activity of cOTC from P. aeruginosa is highly complex. As well as displaying homotropic co-operativity towards CP, this enzyme is allosterically activated by AMP or inorganic phosphate and inhibited by polyamines such as spermidine and putrescine (6, 7) . Crystal structures of the native form of cOTC from P. aeruginosa (8, 9 ) and a point mutant variant devoid of homotropic interactions (7) , represent the only previously determined structures of a catabolic OTCase. The latter structure in which Glu-105 is substituted by Gly reveals that the enzyme is composed of four trimers tetrahedrically arranged according to a 23 pointgroup symmetry. Importantly, the allosteric regulation exhibited by this catabolic OTCase is directly correlated to its symmetrical oligomeric structure, since modification of the trimer interfaces renders trimeric and Michaelian variants (10) . Conversely, anabolic OTC´s (aOTC´s) are cyclic homotrimers which display MichaelisMenten kinetics (6) . These trimers are generally referred to as "catalytic trimers" as they constitute the basic catalytic structural unit in OTC´s and more generally amongst the carbamoyltransferases (11) . Representative crystal structures of anabolic OTC´s (aOTC´s) from several sources have been determined: human aOTC complexed with the bisubstrate analog N-(phosphonacetyl)-L-ornithine (PALO) (12) , and more recently with CP and the inhibitor L-norvaline (NVA) (13); unliganded aOTC from E. coli (14) as well as complexes with PALO (15) and
(PSORN) (16); aOTC from Pyrococcus furiosus (17) and, finally, aOTC from Mycobacterium tuberculosis both unliganded and in complex with CP and NVA (18) . Interestingly, aOTC from P. furiosus despite being an anabolic enzyme is a dodecamer assembly (17) and shows no allosteric regulation. Specifically, the quaternary structure of this OTC has been correlated to its thermostability (17) .
Here we report the crystal structure of the catabolic OTCase from Lactobacillus hilgardii (Lh-cOTC). The hexameric structure of Lh-cOTC exhibits a new oligomeric state within the OTCases and reveals the C-terminal end of the polypeptide chains as a key structural element in the association of the subunits. Furthermore, a metal binding site is identified in the structure at the three-fold molecular symmetry axis, providing the first structural evidence for the association between an OTC and a metal ion.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis of Lh-cOTC-A deletion mutant of Lh-cOTC lacking the last six amino acid residues (Lh-cOTC 337 ) was constructed by site-directed mutagenesis PCR using the plasmid pURI3-OTC as a template (19) . The mutagenic primers used to introduce a stop codon at position 338 were L338Stop-5 (5´-CAACTTTGGGTAACTGATTCATTCCTAGAG ) and L338Stop-3 (5´-CTCTAGGAATGAA TCA GTTACCCAAAGTTG) (the nucleotide changes used to introduce the mutation are given in bold). Briefly, to introduce the amino acid change, the corresponding pair of primers was used as a homologous primer pair in a PCR reaction utilising the pURI3-OTC plasmid as template and the DNA polymerase Pfu. The product of the PCR was digested with DpnI that exclusively restricts methylated DNA (20) . E. coli cells were transformed directly with the digestion product. The resulting plasmid, expressing the mutated LhcOTC gene was then sequenced to verify that no unwanted mutations had been introduced.
Protein Expression and Purification-The cloned Lh-cOTC or Lh-cOTC 337 containing vectors were transformed into E. coli JM109 (DE3; pLysS) by electroporation. E. coli cells were grown in LB medium at 37ºC with 100 μg/ml ampicillin and 34 μg/ml chloramphenicol to midexponential phase (A 600 = 0.6) and for an additional 20 h at 22ºC after adding 0.4 mM isopropyl 1-thio-β-D-galactopyranoside to induce expression. Expressed wild-type protein was purified using a HisTrap FF Ni-affinity column (GE Healthcare), followed by a HiTrap Q HP column (GE Healthcare), and finally, a Superdex 200 prep grade column (GE Healthcare). The purified recombinant material was concentrated to 10 mg/ml in 20 mM Tris-HCl buffer (pH 8.0) containing 0.1 M NaCl. The Lh-cOTC 337 mutant was purified using a single step protocol with a HisTrap FF Ni-affinity column (GE Healthcare).
Determination of Enzyme Activity-OTC activity was determined by measuring the formation of citrulline from ornithine and carbamyl phosphate as described previously (21) . Briefly, Lh-cOTC (15 ng) was incubated in a solution containing 10 mM ornithine and 50 mM EDTA (pH 8). The reaction was initiated by the addition of 10 mM carbamyl phosphate (final concentration). After 10 min at 37 ºC, the reaction was stopped with 2N HCl and the amount of citrulline formed was determined as previously described (22) . One enzyme unit was taken to be the amount of enzyme needed to produce 1 µmol of citrulline per h per mg of protein.
Analytical ultracentrifugation and gel filtration-Equilibrium and sedimentation velocity ultracentrifugation experiments were performed at 10,500 rpm, 20ºC, using a Beckman XL-A ultracentrifuge with an An-50Ti rotor and standard double sector centerpiece cells. Solvent density (1.005 mg/ml) and the partial specific volume of OTC (0.736) were calculated from the buffer composition (100 mM NaCl, 20 mM Tris-HCl) and from the predicted amino acid composition, respectively, with SEDNTERP (23). Centrifugation data were analyzed using Beckman-Origin software. Gel filtration assays were carried out on Superdex 200 10/300 GL Tricorn column (GE Healthcare) using a BioRad BioLogic DuoFlow FPLC.
Data collection and processing-Trigonal Lh-cOTC crystals were produced as previously described (19) . Crystals suitable for X-ray analysis were transferred to an optimized cryoprotectant solution (reservoir solution plus 20% (v/v) 2-methyl-2,4-pentanediol) for ~5 secs and then cryocooled at 100 K in the cold nitrogen-gas stream. Diffraction data were recorded on an ADSC Q210r CCD detector (Area Detector Systems Corp.) at beamline BM16 at the European Synchrotron Radiation Facility (ESRF) (Grenoble, France). X-ray fluorescence emission (XFE) spectra were recorded at an energy of 13 keV at beamline ID14-4 and X-ray absorption near edge structure (XANES) spectra at beamlines BM16, ID14-4 and ID23-1 (ESRF; Grenoble, France).The measured fluorescence data were filtered and analyzed using PyMCA (24) . Diffraction images were processed with MOSFLM (25) and the data scaled and analyzed using SCALA the CCP4 software suite (26). Data statistics are summarised in Table 1 .
Structure determination and refinementThe crystal structure was determined by the molecular replacement method using the program MOLREP (27) from the CCP4 software suite (26). The atomic coordinates of cOTC from Pseudomonas aeruginosa (PDB code: 1dxh) were used as a search model. Initial rigid body refinement followed by several cycles of refinement with REFMAC (28), together with automatic water molecule placement with ARP/wARP (29) , generated an initial model which was iteratively improved by cycles of manual rebuilding with O (30). Stereochemical validation was carried out using the program PROCHECK (31) . The position of the nickel ion was determined unambiguously from a model-phased difference Fourier map at 20 σ and confirmed by an anomalous difference Fourier map generated from data collected at the Ni-peak (7.478 keV) at beamline BM16 (ESRF; Grenoble, France). The refinement statistics are summarized in Table 1 . The final model has an R-factor of 20.3 % and an R free of 24.8%, and included 1023 amino acid residues, 1 nickel ion and 191 solvent molecules. Protein models were superimposed and their rootmean-square-deviations (r.m.s.d.) were determined with the LSQKAB program (32) from the CCP4 suite (26). The PISA server from the European Bioinformatics Institute (33) was used to calculate values of buried interface areas. Ribbon diagrams were prepared using PyMOL (34) .
RESULTS AND DISCUSSION
Description of the monomer structureEach monomer of Lh-cOTC is composed of 343 amino acid residues and, as with previously described OTC´s, comprises two structurally and functionally distinct domains: the N-terminal CPbinding domain and the C-terminal ORN-binding domain. Each domain is formed by a parallel β-sheet (four-and five-stranded for the N-terminal and C-terminal sheets, respectively), which is flanked by α helices (Fig. 1) . The secondary structural elements of Lh-cOTC together with sequence alignments against OTC´s of known 3D structure are shown in Fig. 2 . Helices α5 (residues 141-155) and α13 (residues 316-335) constitute the interface between the domains of the Lh-cOTC monomers. The main stabilizing interactions involving these two helices are summarized in Table S1 . Helices α5 and α13 are key structural elements as they constitute the inner core of the monomer framework and are involved in extensive interactions both between themselves and with helices α1 (residues 23-42), α2 (residues 63-75), and α6 (residues 172-184). Furthermore, α5 and α13, together with helices α2 and α6 and the connecting loop between β9-α11 (residues 278-287) make up, which is located within a cleft between the lobes of the monomer. The β9-α11 loop contains the conserved HCLP motif which participates in ornithine binding.
The three independent monomers of the asymmetric unit of the Lh-cOTC trigonal crystal superimpose almost perfectly showing a maximum r.m.s. deviation value of 0.3 Å for 343 aligned Cα atoms. Comparison of the overall topologies of the OTC´s reveals that the monomeric architecture is highly conserved with r.m.s. deviation values ranging from 1.1 Å to 1.5 Å for ~290 Cα atoms (Table S2) . Interestingly, the most significant structural variations are found at the N-and Cterminal segments of the proteins, which in the case of Lh-cOTC participate in hexamer formation. Finally, Lh-cOTC possesses a sequence motif characteristic of prokaryotic OTC´s (residues 283-301), which has been implicated in potential protein-protein interactions (12) .
Interactions between monomers within trimers-The 3-fold cyclical arrangement of the Lh-cOTC subunits results in the formation of an indented triangular homotrimer with an approximate side-length of 90 Å and a thickness of 55 Å. The individual monomers mainly interact through their N-terminal CP-binding domains, which form the inner part of the assembly but also through the loop containing helix α11 (residues 283-301). The average value of the buried interface area between two adjacent monomers calculated by the PISA server (33) is 1065 Å 2 . Residues involved in these intersubunit interactions mainly belong to helices α2, α11 and loop β9-α11 from one monomer and strand β1, loop β2-α3 and helix α3 from another monomer. Hydrogen bonding interactions and salt bridges identified in these interfaces are shown in Table 2 . In addition to the salt bridge between Arg-64 and Glu-94, present in all OTC´s with known 3D structure, other salt bridges specific to Lh-cOTC include: Arg-66 and Asp-81, Arg-66 and Asp-87, and between His-283 and Asp-98. Interactions involving the loop between residues 283-301 are through hydrogen bonds between the main chain backbone amides of Gln-288 and Tyr-289, and the carbonyl oxygen atoms of Gly-91 and Lys-92, respectively. As a consequence of these two H bonds a "pseudo helix turn" is formed within the loop β2-α3 which interacts with the N-terminal end of helix α11. Finally, a salt bridge between His-283 and Asp-98 is equivalent to those observed in the structures of OTC´s from P. aeruginosa and M. tuberculosis.
Hexameric structure-Lh-cOTC is a homohexamer endowed with 32 point-group symmetry (Fig. 3A) . The oligomeric assembly is made up of two stacked trimers related by a twofold symmetry axis. The concave faces of the trimers where the active sites are located, are solvent exposed in the hexamer, while the convex faces constitute the contacting interfaces between trimers. As one trimer is rotated 60º with respect to the other along the molecular three-fold symmetry axis, the hexamer displays an almost perfect hexagonal projection. The overall dimensions of the hexamer are 100 x 100 x 110 Å 3 . Two distinct features of the interactions between trimers are evident: first, the observed contacting interfaces are formed between pairs of monomers, involving a network of monomer-tomonomer interactions, and second, these interfaces exhibit two-fold symmetry. The average value of the buried surface area at the interface between contacting monomers is relatively large (~1260 Å 2 ). Residues participating in these interactions are mainly contributed by the last eight residues of each monomer forming the central core of the interface, and also by the helix α1, loop α1-β1 and, to a lesser extent, by the first six N-terminal residues. As shown in Fig. 3B the main contacting interface between monomers is formed by the residues His-35, Tyr-28, Phe-32, Leu-338, Phe-339 and Ile-340. Whereas the side chains of Leu-338 and Ile-340 from both monomers form a central aliphatic cluster, the phenyl ring of Phe-339 ring packs perpendicular to those of His-35 and Phe-32 and parallel to Tyr-28. The centroid of the phenyl ring of Phe-339 is separated by distances of between 4.9 Å and 5.5 Å from the other aromatic ring, which is typical of aromaticaromatic interactions (35) . Conversely, polar interactions are also identified in this contacting interface: a salt bridge is formed between His-47 and Glu-50 (3.4 Å) together with hydrogen bonds between the NE2 atom from the His-35 side chain and the carbonyl oxygen atom of Asn-337 (2.9 Å), and between the NH2 atom of Arg-342 and the carbonyl oxygen atom of Val-343 (3.5 Å), respectively. It is interesting to note that residues participating in the above described hydrophobic interactions are specific for Lh-cOTC, with only Tyr-28 being present in human and P. aeruginosa OTC´s. Indeed, with the exception of human aOTC, the OTC´s of known 3D structure lack Cterminal segments analogous to that from LhcOTC, reinforcing the notion that the C-terminal end of Lh-cOTC is a key structural determinant of the hexameric assembly.
Oligomeric state of Lh-cOTC in solutionThe oligomeric state of Lh-cOTC in solution has been studied by analytical gel-filtration chromatography and analytical ultracentrifugation (Fig. 4) . The first approach, in conjunction with SDS-PAGE, indicates that Lh-cOTC exists in solution as a species of 230.6 ± 3.1 kDa (n=5), with subunits of ~40 kDa (Fig. 4A) . Subsequent analysis by sedimentation equilibrium analyses identified a unique molecular species with a molecular mass of 230.8 ± 24.0 kDa (Fig. 4B) , and a sedimentation velocity analysis carried out in the 0.22-1.10 mg/ml protein concentration range demonstrated that Lh-cOTC is a homogeneous species, with a sedimentation coefficient of 9.8 ± 0.4 S (inset Fig. 4B) . Therefore, our results are consistent with LhcOTC being a hexamer in solution (240.0 kDa, theoretical mass), in agreement with the crystallographic results.
It has been recently reported that trimeric aOTC from M. tuberculosis forms crystallographic pseudo hexamers within the asymmetric unit of orthorhombic crystals (18) . Three dimensional comparisons against the Lh-cOTC hexamer reveal that the arrangement of interacting trimers is almost identical, however, M. tuberculosis aOTC pseudo hexamers lack the hydrophobic clusters between trimers (Fig. 5) , reflecting the importance of these clusters in the stabilization of the LhcOTC hexamer in solution. To validate this hypothesis we have prepared and characterized a deletion mutant of Lh-cOTC which lacks the last six amino acid residues (Lh-cOTC 337 ). Activity measurements show that purified recombinant LhcOTC 337 (Fig. 6) is an active transcarbamylase and thus that the enzymatic machinery is intact and properly folded. Similarly to Lh-cOTC, LhcOTC 337 was analyzed by analytical gel-filtration chromatography. The results show that it behaves in solution as a mixture of two well defined species with molecular masses of 115,4 ± 2,4 kDa (n = 6) and 42,5 ± 2,5 kDa (n = 6), respectively, with subunits of ~39 kDa as revealed by SDS-PAGE (Fig. 6) . These results compare well with the theoretical masses expected for the trimeric (117,9 kDa) and monomeric (39,3 kDa) species, respectively. In addition, higher order soluble components eluting close to the void volume were observed, indicating that Lh-cOTC 337 is more prone to aggregate, a propensity which eventually precluded further detailed biophysical characterization. Importantly, only the putative trimeric species exhibits transcarbamylase activity (Fig. 6) which supports the notion of Lh-cOTC 337 being a catalytic trimer and not an unspecific selfassociation intermediate of monomers. It should be notice that molecular species compatible with hexameric assemblies were not detected, providing convincing evidence that the C-terminal region of Lh-cOTC plays a critical role in stabilizing the Lh-cOTC hexamer assembly in solution.
We believe that these results are noteworthy as they reveal that minor changes at the C-terminal end of a protein structure may underpin significant changes in its associative behavior. In turn, this highlights mechanisms of protein evolution whereby relatively small changes in primary structure within preexisting highly symmetric oligomeric species may yield the emergence of higher-order assemblies. In this regard, it has been demonstrated that interactions between large nonpolar side chains is an efficient means to introduce permanent contacts between subunits (36), which is precisely the scenario observed for Lh-cOTC and also for the dodecameric assembly of aOTC from P. furiosus, where the interface between trimers around a three-fold symmetry axis is mainly composed of large and hydrophobic residues (17) . Finally, it is evident that the highly conserved monomeric architecture of OTC´s provides this family of enzymes with a versatile scaffold which facilitates self-assemble into different oligomeric species, namely, trimers, hexamers and dodecamers, and further it can be stated that the family of OTC´s is characterized by a pseudo-pleomorphism (37) i.e. the same monomeric scaffold may adopt different oligomeric assemblies.
Metal-binding site-The phased-model difference Fourier map of Lh-cOTC revealed a peak (~ 20 σ) located at the local three-fold symmetry axis of Lh-cOTC. This spherical bunch of electron density has been interpreted as a metal bound to the protein that was further identified as Ni by XFE and XANES measurements. Supporting evidence for Ni 2+ -binding came from anomalous difference maps prepared with data recorded at the Ni-peak (7.484 keV) (Fig. 7) . As the Lh-cOTC crystals were not grown in the presence of added metal ions, any such ion present in the structure must have been scavenged during the purification protocol. The B factor of the nickel ion is comparable with those of the surrounding atoms, indicating that the metal may have a high occupancy. The inner-sphere coordination environment of the nickel bound to Lh-cOTC is shown in detail in Fig. 7 . Each trimer of the LhcOTC assembly binds one nickel ion. The metal ion has three nitrogen ligands, contributed by the His-79 side chains, and three oxygen ligands from three ordered water molecules. They are arranged around the Ni 2+ with an octahedral geometry. The coordination distances between the Ni 2+ ion and coordinating groups varies as expected from 2.1 to 2.2 Å.
Previous biochemical studies have demonstrated metal binding to OTC´s, in particular, of zinc and cadmium ions (38, 39) . Whereas in the first case it has been shown that one Zn 2+ is bound per protein monomer of aOTC from E. coli, in the latter one 0.8 mol of cadmium is bound per trimer of rat aOTC. Taken together, these results suggest the existence of at least two distinct metal-binding modes within OTCs: a monomer-based binding mode and an intrinsically trimer-based binding mode. In this context, the model proposed for a Zn 2+ -binding site located at the L-ornithine binding site of human aOTC (40) , can be considered as a monomer-based binding mode, whereas the metal-binding site proposed herein for the nickel ion would represent a trimerbased binding mode. As expected for such a binding mode, it involves the participation of a structural element intrinsic to the trimeric assembly, i.e., the three-fold symmetry axis. In fact, it has been shown that the center of cyclic and dihedral oligomers with three-fold or higher symmetry provides competent environments for the binding of metals (34) . It is interesting to note that while aOTC from E. coli lacks a homologous histidine residue potentially involved in metalbinding, this amino acid residue is strictly conserved in all OTC´s from vertebrate sources (Fig. S1) , which may indicate the presence of homologous metal-binding sites in these enzymes. This particular structural result warrant further investigation In summary, the structural analysis of LhcOTC combined with mutagenesis and biophysical data provide strong evidence that Lh-cOTC exists as a hexameric assembly in solution, and that the C-terminal end of the protein is critical for the stabilization of this oligomer. Excision of the last six residues of the polypeptide chain generates a metastable mutant that behaves as a mixture of monomeric and trimeric species with only the latter exhibiting ornithine transcarbamylase activity. Furthermore, a metal-binding site has been identified for the first time in a member of the OTC family, but is presumably conserved in other enzymes from vertebrate sources. Further mutagenesis and crystallographic studies on LhcOTC have been initiated to characterize the specificity of metal-binding and the modulation of the oligomeric state of the protein, by dissecting the role of individual amino acid residues from the hydrophobic cores between trimers.
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